The treatment of hypogonadism in men is of great interest to both patients and providers. There are a number of testosterone formulations currently available and several additional formulations under development. In addition, there are some lesser-used alternative therapies for the management of male hypogonadism, which may have advantages for certain patient groups. The future of hypogonadism therapy may lie in the development of selective androgen receptor modulators that allow the benefits of androgens whilst minimizing unwanted side effects.
Introduction
The Endocrine Society Clinical Practice Guideline defines male hypogonadism as "a clinical syndrome that results from failure of the testes to produce physiological levels of testosterone due to disruption of one or more levels of the hypothalamic-pituitarytesticular axis" 1 . Given that testosterone concentrations decline with age 2,3 and the increasing awareness of the signs and symptoms of hypogonadism, prescriptions for testosterone therapy have increased significantly in the last several years 4 .
In this review, we will briefly summarize the risks and benefits of testosterone replacement therapy. In addition, we will describe the existing options for testosterone therapy, including several newer formulations of testosterone under development. Lastly, we will discuss the data available on alternative therapies occasionally used for the treatment of male hypogonadism.
Risks and benefits of testosterone therapy
For men with symptomatic hypogonadism, there are a number of potential clinical benefits with testosterone replacement therapy, including improvements in libido, erectile function, muscle strength and body composition (including decreased fat mass, increased lean mass, and improved bone mineral density), mood, and cognition 1 . The potential clinical benefits of testosterone therapy must be carefully weighed against potential risks. Potential adverse effects of testosterone replacement include erythrocytosis, increases in prostate-specific antigen (PSA) and worsening of prostate disorders (including benign prostatic hyperplasia [BPH] ), dermatologic effects, including acne and skin irritation, and worsening of existing obstructive sleep apnea 1 . In addition, exogenous testosterone administration leads to the suppression of luteinizing hormone (LH), decreased intra-testicular testosterone concentrations, and reduced spermatogenesis 5 . Thus, testosterone replacement therapy is not appropriate for hypogonadal men desiring fertility.
Notably, the US Food and Drug Administration (FDA) has recently added important warnings to testosterone products. The first is a warning added to all testosterone preparations highlighting a potential increased risk of cardiovascular disease (including myocardial infarction and stroke) in patients taking testosterone, although additional studies are needed to guide clinicians in better understanding these potential risks, as the magnitude of these risks are unknown. However, until additional information becomes available, the current recommendation is that clinicians in practice should discuss these potential risks with all patients when starting or continuing testosterone replacement therapy 6,7 .
In October 2016, the FDA added additional warnings to the labeling of testosterone products to alert prescribers to the potential for abuse of testosterone and other anabolic androgenic steroids. The FDA statement outlined potential adverse effects of abuse of anabolic androgenic steroids, including myocardial infarction, heart failure, stroke, liver injury, male infertility, and mood changes including depression, aggression, and hostility. They also raised concerns that abuse of high doses of testosterone was reported to be associated with potential withdrawal symptoms including depression, irritability, fatigue, insomnia, and decreased libido. The potential for abuse of testosterone and other androgens should be considered in both adult and adolescent populations.
Testosterone replacement therapy
There are a variety of testosterone preparations currently on the market in the US (Table 1) and additional formulations available abroad and in development (see below). In choosing the testosterone formulation for an individual patient, clinicians must consider the individual values and preferences of the patient as well as other factors including cost, convenience, and availability.
Owing to their ease of use and relatively low cost, injectable and transdermal testosterone preparations are currently the most widely used in the US.
Injectable formulations
Two intermediate-acting injectable testosterone formulations are currently available in the US market: testosterone enanthate and testosterone cypionate 8, 9 . These are usually dosed every 1-2 weeks. In contrast, a newer long-acting testosterone ester, testosterone undecanoate ("Nebido" in Europe and "Aveed" in the US), can be dosed every 6-12 weeks. All of these formulations are administered as intramuscular injections. The majority of patients are able to administer injections independently at home with the help of a partner. Intramuscular testosterone formulations are highly effective in improving symptoms of hypogonadism. Additional benefits of long-acting injectable preparations include low cost of therapy (as compared to other preparations) and they more reliably achieve therapeutic serum concentrations of testosterone (as compared to transdermal preparations), thus reducing the need for routine monitoring of serum testosterone concentrations during therapy. With testosterone enanthate and testosterone cypionate, testosterone concentration and clinical effects peak 1-2 days after the injection and wane over the subsequent 2 weeks 10 . For some patients, the fluctuations in serum testosterone concentrations can lead to adverse impacts on mood, energy, and sexual function, which can be bothersome or disruptive. In these cases, alternate dosing using half the usual dose administered weekly (instead of full dose every 2 weeks) or use of an alternate testosterone preparation may be preferred.
In contrast, testosterone undecanoate achieves relatively stable testosterone concentrations. Unfortunately, the relative large volume of testosterone undecanoate injections can be associated with the risk of pulmonary oil microembolism and anaphylaxis, albeit rarely. As a result, testosterone undecanoate is available only through a Risk Evaluation and Mitigation Strategy (REMS) program and must be administered by a trained, registered care provider in an office or hospital setting -it cannot be self-administered at home by the patient.
Transdermal formulations
Transdermal testosterone gels are widely available and popular among both patients and clinicians. There are multiple transdermal gel formulations currently available in the US including AndroGel, Testim, Fortesta, and Axiron (Table 1) . They are supplied in sachets, tubes, or metered-dose pumps and are applied by hand to the skin of the arms, torso, or thighs. Newer concentrated testosterone preparations offer the advantage of applying a smaller volume of gel at each dose. Benefits of transdermal gels include high efficacy for the management of symptoms of hypogonadism, ease of home administration, and minimizing fluctuations in testosterone concentration from day to day. As a result, these formulations may be preferable for patients who struggle with peak and trough effects associated with the use of intermediate-term intramuscular injections. Risks of transdermal gels include mild skin irritation and potential for skin-to-skin transfer to others. All patients using gels should be instructed on careful hand washing after gel application and avoiding skin-to-skin contact with others (particularly female partners or children) on the gel-treated areas 11 . In contrast to injectable testosterone preparations, absorption of transdermal testosterone gel can be quite variable. If a patient using a transdermal formulation of testosterone has no improvement in symptoms, it is reasonable to measure the serum testosterone concentration and adjust the dose as needed to achieve adequate circulating testosterone concentrations.
When the risk of skin-to-skin transfer of testosterone is of concern, the use of a transdermal patch may be appropriate. There is currently one transdermal testosterone patch preparation (Androderm) available in the US. Use of the patch has been limited by relatively high rates of skin irritation, with up to one-third of men who use the patch experiencing significant skin irritation. Similar to other transdermal testosterone preparations, monitoring of circulating serum testosterone concentration and appropriate dose adjustment are reasonable with transdermal patches, since testosterone absorption can be variable.
Other testosterone formulations
A subcutaneous testosterone pellet (Testopel) is available for the treatment of hypogonadism 12 . Testopel is placed in the subcutaneous fat of the buttock, lower abdomen, or thigh every 3-6 months. Pellets are placed using sterile technique in an office or hospital setting and cannot be injected by the patient at home. Risks with subcutaneous testosterone pellets include infection, fibrosis, and pellet extrusion. Benefits include eliminating risk of skin-to-skin transfer, infrequent dosing, and relatively stable serum testosterone concentrations.
Nasal and buccal testosterone preparations are also available for the treatment of hypogonadism and may be useful in limited clinical settings where other testosterone preparations are not effective or appropriate. Use of nasal and buccal preparations is limited because of the potential for nasal/sinus and gingival irritation, limited published data on use of the nasal preparation, and animal studies suggesting possible increases in central nervous system testosterone levels above that expected with other formulations 13, 14 .
Oral testosterone undecanoate (Andriol) is available in many countries outside the US; however, serum testosterone concentrations achieved with this formulation can be low and administration must occur with a fat-containing meal. New self-emulsifying drug formulations of testosterone undecanoate are under development and may reach the market in the next 1-2 years 15 . However, high post-dose serum peaks and a relatively large degree of interindividual variability in achieved drug concentrations are issues for these formulations. In response, the companies developing these newer formulations of testosterone undecanoate are developing dosing algorithms to ensure patients receive the appropriate dose to achieve therapeutic concentrations of testosterone. Other oral preparations, especially those alkylated at the 17-carbon position, such as methyltestosterone, are associated with hepatotoxicity and are not recommended for use.
Some newer testosterone formulations have recently come to the global market. These include both transdermal and injectable formulations. One of the transdermal formulations includes a hydroalcoholic 2.5% testosterone gel (Testocur) that is approved for use in Germany. This drug was studied after application both transdermally and transscrotally, and compared with Androderm 2.5% patches applied transdermally in an open-label, parallel group, randomized controlled fashion in previously treated hypogonadal men for 24 weeks 16 . While the scrotal gel and patches achieved equivalent serum androgen (testosterone and dihydrotestosterone [DHT] ) concentrations, the transdermal gel actually achieved higher concentrations. The transdermal gel was also better tolerated than the patches whilst proving equivalent in safety outcomes such as hematocrit, serum PSA, and prostate volumes. Another formulation that is currently approved for use in Australia is an alcohol-free testosterone cream (AndroForte 5, 50 mg/mL or 5%, Lawley Pharmaceuticals) 17 . This was studied in an open-label, randomized crossover study, comparing it with 1% testosterone gel in hypogonadal men with a treatment period of 30 days. Pharmacokinetic end points of both were comparable and there were no differences in serum hormone concentrations.
Alternative therapies for treatment of male hypogonadism
Given the concerns surrounding the safety and benefits of testosterone therapy in men, other agents have also been used for the treatment of male hypogonadism. In particular, in younger men who are interested in fertility, testosterone replacement therapy is not recommended.
Dihydrotestosterone gel
Testosterone is metabolized by 5α-reductase to DHT in the body. DHT has a stronger affinity than does testosterone for the androgen receptor in certain tissues such as the prostate, skin, and external genitalia. DHT gel is used for the treatment of hypogonadism in France and Belgium. The theoretical advantages of using DHT gel over testosterone in men would include mainly that (a) its use does not translate into increased intra-prostatic DHT concentrations and hence the risk of adverse prostate outcomes is lower 18 , and (b) it is also not aromatized and hence gynecomastia is not a concern. Studies of DHT gel have also shown (like testosterone replacement) improved sexual function and muscle mass, lower fat mass 19 , and favorable effects on lipid profiles 20 . The downside to using DHT gel, however, includes the higher cost and the theoretical harm of lack of aromatization to estradiol (E2), which could impact bone mineral density and libido. Additionally, it is uncertain if the supra-physiologic serum DHT concentrations that are achieved with DHT gel 18 can have long-term unfavorable effects of their own.
Human chorionic gonadotropin
In a healthy male, pulsatile gonadotropin-releasing hormone (GnRH) secretion stimulates follicle-stimulating hormone (FSH) and LH secretion from the pituitary, which in turn act on the Sertoli and Leydig cells, respectively, and support spermatogenesis and intra-testicular testosterone production 21 . In hypogonadal men, the level to which spermatogenesis is impaired depends on both the etiology of hypogonadism and the time of onset (pre-pubertal versus post-pubertal), since that affects the baseline testicular volume and the number and functionality of germ cells. Human chorionic gonadotropin (hCG) therapy (recombinant hCG) is traditionally used in hypogonadal men desiring fertility, since it shares a receptor with LH and produces similar effects. The dose is usually titrated to a serum testosterone concentration in the mid-normal range. After 6 months of therapy, sperm concentrations are assessed and if no response is noted, then FSH therapy, either human menopausal gonadotropin (hMG) or recombinant human FSH (rhFSH), is added. Response times can be as long as 1-2 years for the combination, and success is higher in men with testicular volumes >8 cc and later onset of hypogonadism 22 . Studies have also looked at the role of hCG therapy in the treatment of hypogonadism in men without fertility concerns, and it has been shown to improve hypogonadal symptoms 23 and have favorable effects on body composition (increased fat-free mass and lower fat mass), lipid profile (lower total cholesterol, low-density lipoprotein cholesterol, and triglycerides) 24 and bone formation 25 . hCG therapy also seems to be less likely to cause the adverse effects that testosterone is associated with in terms of prostate health, hematocrit, sleep apnea, and gynecomastia; however, it entails more frequent (2-3 times a week) injections than does testosterone and can also cause testicular enlargement 26 .
Clomiphene citrate
Clomiphene is a selective estrogen receptor modulator that has weak anti-estrogen action. It competes with estrogen for binding at the estrogen receptor and increases GnRH secretion, thereby increasing LH secretion 27 and consequently serum testosterone concentrations. For this reason, it works only in individuals with hypogonadotropic hypogonadism with an otherwise intact hypothalamic-pituitary-gonadal axis. In addition to improving serum testosterone levels, it has been shown to improve hypogonadal symptoms 21, 28 and improve bone mineral density while avoiding adverse effects on PSA and hematocrit and gynecomastia 29 and may be more economical than testosterone therapy 30 . Though it seems a viable alternative to testosterone, it is not FDA approved for use in the treatment of hypogonadism. Potential drawbacks include an increased risk of thromboembolism as seen with other selective estrogen-receptor modulators, such as raloxifene, and a diminution of estrogen effects in the male, including effects on libido and bone mineral density.
Enclomiphene is the trans-isomer of clomiphene. It is being studied as a treatment for hypogonadism in men with intact pituitary who wish to retain spermatogenesis during treatment. Several studies support the contention that spermatogenesis is better preserved with this approach 31, 32 , but limited data on fertility preservation are available. As a result, this medication has not yet been approved for clinical use but is an interesting compound for future study in men who wish to maintain sperm production during treatment for hypogonadism.
Aromatase inhibitors
Aromatase converts testosterone to E2 in various tissues, particularly fat. Aromatase inhibitors prevent this and lower E2 33 , which in turn prevents feedback inhibition of GnRH and causes increased release, thereby raising serum testosterone concentrations as well as intra-testicular testosterone. Agents such as letrozole and anastrozole have been investigated for the treatment of male hypogonadism. These have uniformly shown an increase in serum testosterone concentrations [33] [34] [35] and some have reported improvement in sexual desire 34 , lean mass, muscle strength, and physical function 36 . The other advantages of aromatase inhibitors over testosterone therapy are that the lower estrogen state does not increase prostate volume or lower urinary tract symptoms (LUTS) 37 and it does not lower, or may even improve, sperm parameters 38 . These factors make them a possible alternative to testosterone in obese hypogonadal men with high E2 concentrations, older hypogonadal men with BPH, and younger hypogonadal and subfertile men. However, the effect of lowering E2 levels can cause adverse effects on bone mineral density 36, 39, 40 , while other studies have shown no such effects 41 . Also, recent studies have highlighted the importance of E2 in maintaining sexual desire 42 and so lowering E2 concentrations in hypogonadal men may affect symptom improvement significantly.
Selective androgen receptor modulators
Androgen therapies mostly have beneficial effects on skeletal muscle and bone; however, they tend to cause negative effects on erythrocytes (erythrocytosis), prostate (BPH), hair (alopecia), and skin (acne). Therefore, an ideal therapeutic agent for the treatment of hypogonadism would have tissue-specific effects so that we can achieve the "good" without incurring the "bad". This is the concept from which the development of selective androgen receptor modulators (SARMs) has stemmed. These agents act as tissue-specific androgen-receptor ligands, mainly acting at the level of skeletal tissue or bone. Studies have looked at their role in the treatment of chronic disease or cancer cachexia, frailty, sarcopenia, osteoporosis, hypogonadism, prostate cancer, and male contraception 43 , but these are mostly pre-clinical or early-phase clinical studies of short duration. Rodent models have shown anabolic effects on muscle and bone with reduced impact on prostate growth as well as improvement in sexual behavior 44 . One promising 12-week, double-blinded, placebo-controlled phase 2 trial of GTx-024 (enobosarm) in 120 healthy men older than 60 years of age showed dose-dependent increases in total lean body mass and improvement in physical function and insulin resistance 45 . However, there is not enough evidence to recommend these as an alternative to testosterone for the treatment of hypogonadism as yet.
Challenges for alternative testosterone therapies for hypogonadism
While alternatives to testosterone therapy have appeal, particularly for men wishing to avoid suppression of spermatogenesis by testosterone, there is greater uncertainly regarding their risks and benefits, as they have been less well studied. In addition, FDA approval for these therapies has been difficult to obtain, as the FDA has indicated that raising testosterone is not acceptable as a primary endpoint for non-testosterone therapies. Instead, the FDA requires data on improvement of the signs and symptoms of hypogonadism 46 . Such studies will likely require larger samples and better outcome measures, work that is somewhat hampered by the paucity of validated patient-reported outcome measures in the field.
Conclusions
Treatment of male hypogonadism remains an area that requires in-depth discussion of the risks and benefits of therapy with the patient before proceeding. With the numerous testosterone formulations that exist and are being developed, patients have a variety of options to choose from, depending on their preferences. Additionally, there are a number of non-testosterone alternative therapies too that can be considered, particularly in men desiring fertility or wishing to avoid specific side effects of testosterone therapy. Still newer therapies, currently in the stages of early clinical trials (selective androgen receptor modulators), may indeed be the future of androgen replacement therapy and hint at the promise of more benefits than harm, which would simplify these patient discussions and decisions.
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